To determine the amount of deformation resulting from fibre wrinkling at corner regions, a set of experiments have been conducted. As known in the conventional lay-up method, the prepregs are laid sequentially layer by layer on the mould surface. At the corner region of a female tool the radius decreases at the inner surface and the amount of wrinkles increase towards the top layer as the layers are laid up. In order to determine how much these wrinkles influence the dimensional stability of the manufactured parts, an alternative lay-up method is used. The amount of the wrinkles can be increased for the parts of same geometry by first stacking prepregs on a flat plate and then bending the whole stack to conform to the surface of the L-shaped mould. In this method, more wrinkling occurs on the inner surface of the corner regions as compared to the conventional lay-up procedure. It was found that fibre wrinkling decreases the spring-in values. The mechanism behind that observation is discussed with the help of a heuristic Finite Element Analysis (FEA). The conformation of the stacked prepregs on the mould was simulated by using FEA.
2 to residual stress. These residual stresses occurring during the curing of composite materials cause distortions at the end of the curing process. Wisnom et al. [1] discussed the mechanisms generating stresses and distortion during the cure and identified thermoelastic spring-in, cure shrinkage and tool part interaction as the major contributors. Radford and Rennick [2] proposed a method to quantify the thermoelastic and non-thermoelastic components of springin and to measure the thermoelastic behaviour of composite angle brackets with varying laminate thickness, stacking sequence and part radii. Fernlund et al. [3, 4] conducted extensive experimental studies regarding to the effect of cure cycle, tool surface, part geometry and layup on the distortions of L and C-shaped composite parts. It was observed that for a high CTE tooling material C-shaped parts gives more spring-in than L-shaped part due to geometric locking and the tool surface and cure cycle have significant effect on spring-in. It was also indicated that part thickness had an effect on spring-in. They performed their experiments with release agent and release agent + FEP film on the tool. They found that thin parts gave greater spring-in the thick parts. Darrow and Smith [5] examined the effect of the fibre volume fraction gradient on L-shaped laminate experimentally by applying a vacuum bag to the part with and without bleeder. Their model predictions and experiment measurements were compared for a unidirectional part with a 3 mm bend radius. It was observed that the effect of fibre volume gradient on the spring-in was small for thicker parts as compared to thinner ones.
White and Hahn [6] developed a process model which predicts a residual stress history during the curing of composite materials by including the effects of chemical and thermal strains.
The mechanical properties of composite materials depend on the degree of the cure of the resin. They used Bogetti and Gillespie's [7] cure kinetics model in their study in order to find the degree of cure at the any moment during the cure cycle. The relation between the degree of cure and mechanical properties is modelled by a power law equation. In their elastic residual stress model, laminated plate theory was used and for viscoelastic residual stress model, the quasi elastic method was used. They combined the cure kinetics and viscoelastic stress analysis to calculate residual moment and in turn find the curvatures simultaneously.
Johnston et al. [8] developed a plane strain finite element model which employs a Cure Hardening, Instantaneous Linear Elastic Constitutive (CHILE) model to predict processinduced stress and distortion of composite laminates. They analysed the effect of thermal expansion, cure shrinkage, temperature gradients, degree of cure, resin flow and mechanical constraints on the deformation of the laminates. Zhu et al. [9] developed a three dimensional coupled thermo-chemo-viscoelastic model to simulate the heat transfer, curing, residual stresses and deformation of thin flat and L-shaped composite laminates. It was found that thermo-chemo-viscoelastic model gives much larger spring-forward values as compared to the elastic or viscoelastic model that takes into account the cool-down process only. Arafat et al [10] developed a closed-form solution based on theory of elasticity for process-induced stresses and deformations in flat and curved composite structures. Their 2D analytic model resembles the classical bi-metallic beam under thermal load, and the axial stress distribution through the thickness depends on material properties that change during the cure. These stress gradients is controlled by the ratio of fibre direction modulus to transverse shear modulus.
The material constitutive model used was the Cure Hardening Instantaneously Linear Elastic (CHILE) model. They mainly concluded that the material properties at early stages of the process drive the final response of the part. Ersoy et al. [11] developed a two-step 2-D finite element model including anisotropy in the thermal expansion coefficient and cure shrinkage to predict the process induced stress and deformation. Çınar et al. [12] extended the finite element procedure developed by Ersoy et al. [11] to include tool-part interaction to predict the manufacturing distortions of corner sections. Also, the effect of various material and geometric variables on the deformation of L-Section parts was investigated by a parameter sensitivity analysis [12] .
The increased use of fibre-reinforced composite materials in different areas encourages producers to manufacture more complex-shaped parts. It is difficult to manufacture parts with complex shapes due to undesired defects occuring during manufacturing. For example, wrinkles, buckling of plies during lay-up of prepreg-based multilayer composites, etc. are observed in the corner section of the L-shaped parts [13] [14] [15] . These wrinkles have negative effect on the strength of the composite parts [16] and affect the amount of the deformation after curing. The elimination of wrinkles is difficult especially in concave tools.
Most of the published studies has focused on the wrinkles and in plane fibre misalignment of woven cloths [17] [18] [19] , on the other hand, little effort was given for the prepreg type composite parts [14, 20] . Potter et al. [20] have studied the fibre straightness by direct measurement of fibre misalignments in as-delivered prepregs, and by considering the tensile load response of the uncured prepregs. The lead-in region from their load-displacement graph showed that there is some fibre waviness within the uncured prepreg. Lightfoot et al. [14] tried to explain the mechanisms that are responsible for the fibre wrinkling and fibre misalignment of unidirectional plies during lay-up of prepregs on the mould. Although previous studies identified and modelled most of the mechanisms that contribute to manufacturing distortions, effect of fibre waviness has not attracted much attention although it is reported that waviness affects the mechanical properties drastically. In this study, the effect of fibre wrinkles on manufacturing distortions is examined numerically and experimentally, and a simple heuristic Finite Element Method is developed to assess this affect. L-Shaped parts are produced by introducing excessive fibre waviness artificially to corner sections, and the spring-in values of these parts are compared to parts manufactured by conventional lay-up method.
Experimental procedures

Material and Manufacturing
The material used was a unidirectional carbon-epoxy prepreg material produced by Hexcel
Composites with a designation of AS4/8552. The nominal thickness of the single prepreg was In order to determine the amount of deformation resulting from the level of fibre wrinkling two lay-up methods were used. Firstly, by using the conventional lay-up method parts with four plies thickness were produced. As it is known in the conventional lay-up method, the prepregs were laid sequentially layer by layer on the mould surface. In the second alternative method, four layers of prepreg were first laid on a flat plate and then the whole stack is bent to After curing the parts according to MRCC, a water-cooled diamond saw was used to cut specimens (10 mm x 10 mm squares) from the corner and the arms of manufactured unidirectional and cross-ply L-shaped parts. These trimmed sections were then potted in epoxy and polished by standard metallographic procedures. From each specimen, digital micrographs were captured using Nikon ECLIPSE NV 150 microscope.
Measurement of Part Geometry
The parts manufactured were scanned by a METRIS MCA II 7-axis laser scanner in order to capture the full deformation pattern of the parts. The point cloud obtained by scanning the surface of the part was then virtually placed on the nominal tool surface through three edge points and the gap distances between the tool and the part were obtained at discrete points over the surface, as shown in Figure 2a . In order to calculate spring in values, gap distances were read on both flanges, at five equally spaced points along 5 stations, as represented in Figure 2b . The spring-in angle was measured by drawing secant lines on the arms.
Finite Element Analysis
An initial step was added to our previous three-step 2D finite element model [12] for modelling the prepreg placement to explain how initial stresses and strains due to wrinkling affect the resulting residual stresses and deformations. The reader should refer to Ref [11] [12] for all details of the FE analysis. This study includes an initial step representing the conformation of the prepreg to the tool and the reduction of elastic modulus along the fibre direction within the second (rubbery) and third (glassy) step in addition to the previous study.
The results of this analysis were then compared to the results of our previous study and the experimental measurements to show the effect of initial fibre wrinkling on the distortion.
In the initial step of the model, the part was conformed to the mould at the curve side by using 7 mechanical loading. It was aimed to create compressive strains inside the part especially on the curve side, which represents the fibre wrinkles. Pressure of 0.4 MPa is applied to the inner surface which is enough for the part to be placed on the mould surface at the curved section.
Material properties were given in Table 1 . Elastic modulus along the fibre direction E11 was assumed to be hundred times smaller from the rubbery state elastic modulus E11. Meshing and loading conditions can be seen in Figure 3a . The elements used in the model were 8-node biquadratic quadrilateral generalized plane strain elements with reduced integration (CPEG8R). Interaction between tool and part is modelled by using ABAQUS mechanical contact interaction modelling capabilities [26] . Interaction normal to the surface is the default "hard" contact relationship, which allows no penetration of the slave nodes into the master surface and no transfer of tensile stress across the interface. Tangential interaction was set to frictionless in the initial step.
It was assumed that an uncured prepreg does not sustain any mechanical stress under compressive loading during initial conformation and wrinkled fibres cannot carry any stress at the viscous step until they are fully stretched straight. Hence, the stress increments at these steps will be zero until the total accumulated strain on the fibres are tensile. This can be implemented in the UMAT subroutine by using following equation for stress increments:
where and ∆ 1 is the strain increment and 1 + ∆ 1 is the total strain in the fiber direction at the end of the step Shape of the part that takes the form of the mould at the curved region and loading conditions are shown in Figure 3b for the first (viscous) and second (rubbery) step. Gelation occurs when the temperature reaches to 165 o C during the second ramp and vitrification occurs at 45 min after the start of the second hold at 180 o C [11] . The applied temperature in each step in the model was set according to these previous findings. The applied temperature and pressure in each step was given in Table 2 . Before gelation, the composite is in the viscous state and assumed not to sustain any mechanical stress in the transverse direction, whereas it can 8 sustain some fibre stresses due to fibre friction. Due to the difficulty in measuring the mechanical properties in the viscous state, there is no reliable data available for this state in the literature. Rubbery material properties were used in the first (viscous) step. Between gelation and vitrification, rubbery material properties were used. Due to cross-linking reactions, cure shrinkage takes place during the curing of thermosetting resins, which results in contraction in the through thickness direction. To obtain the experimentally measured 0.48% [27] transverse cure shrinkage in the rubbery state, an equivalent negative coefficient of thermal contraction is used as given in Table 1 . Cure shrinkage and CTE of the composite in the fibre direction assumed to be zero in Table 1 . Material properties of the prepreg in rubbery, and glassy state, which were used in the previous model [12] , are given in Table 1 . In the current model, the elastic modulus of the prepreg along the fibre direction (E11) was reduced at the curved region where compressive strains occur due to initial conformation of part. This can be justified on the basis that for the ply that has non-straight fibres, a smaller elastic modulus is expected. Non-straight fibres are not able to sustain mechanical load at the viscous and rubbery state of the resin. In order to see the reduction effect on deformation, the fibre direction elastic modulus was reduced with factors of two in the rubbery and glassy In the third step, part was cooled from 180 o c to room temperature of 20 o C. Pressure and tooling constraints were deactivated and the part was restrained from two points to prevent free motion in space, as shown in Figure 3c . Glassy material properties were used in this step.
The reduction factor of two was also assumed in this step to see the reduction effect.
Results and discussion
Experimental findings
More wrinkling occurs on the curved region of the L-shaped part manufactured using the alternative lay-up procedure as compared to the conventional lay-up procedure. The photographs taken after layup using the two methods are shown in Figure 5a and 5b. A photograph, taken after the conventional lay-up method is represented in Figure 5a and a photograph taken after the alternative lay-up method is represented in Figure 5b . More fibre buckling in the through thickness direction can be clearly seen in Figure 5b .
Fibre wrinkles were observed after laying-up of every single ply. These wrinkles change their shapes to in-plane fibre waviness after the rolling process and applying vacuum and pressure in the autoclave. The schematic representation of this mechanism is shown in Figure 6 .
Some micrographs of the arm and corner regions were captured at for unidirectional and cross-ply parts that have a corner radius of 15 mm. In Figure 7 , the micrographs of the arm regions of parts manufactured by conventional lay-up method are presented. It can be seen that all fibres extend straight and parallel for both stacking sequences at the flat arms of the parts. There is no fibre wrinkling and in-plane fibre waviness at the flat arm of the L-shaped part for unidirectional and cross-ply parts.
Micrographs captured from the corner side of the unidirectional and cross-ply parts laid up by conventional method are shown in Figure 8 . These micrographs reveal that there is in-plane fibre waviness within the plies that extend along the circumferential direction (0 o direction) for both stacking sequences. At some regions elliptical shape of buckled fibres can be seen which reveal the in-plane fibre waviness. These regions are highlighted in Figure 8 . plies were produced whereas using the alternative lay-up method 5 unidirectional parts with 4 plies were produced. Each part has 0.736 mm thickness. It is observed in Figure 10 and 11 that less spring-in occurs for the parts that have more in-plane fibre waviness due to initial fibre wrinkling. In these figures, the dashed lines represent the spring in values for the parts that have more fibre waviness, laid up by the alternative method. The reason behind this can be explained by two phenomena. The first one is the fact that there are compressive strains at the inner corner side after laying-up. These initial circumferential compressive strains at the inner surface of the corner region reduce the tensile residual stresses occurring due to fibre bridging, cure shrinkage and thermal anisotropy at the inner side of the corner regions. Inplane waviness of fibre at the corner side can be helpful for maintaining the same arc length during curing, which in turn decreases the amount of in-plane stress and causes smaller spring-in values. Second reason is the low bending stiffness due to fibre waviness at the corner side. Residual stresses occurring due to tool-part interaction cause the parts to springout. More fibre waviness results in less bending stiffness. Therefore, spring-out values increases due to low bending stiffness. The total amount of spring-in including all effects was reduced.
Strain and stress distribution through thickness
Strain distribution through the thickness at the curve side of the part at the end of each step of analysis is represented in Figure 12 for parts laid up by alternative method (actually the FEM developed here has only been carried out for the parts laid up by alternative method).
Compressive strains occurred at the bag side of the part. These compressive strains remain at the bag side of the part at the end of analysis. This argument is supported by the observation of buckled fibres that can be seen in Figures 9.
Stress distribution through thickness can be seen in Figures 13-14 for the current model.
Stress values at the bag side of the part after Step 2 and Step 3 reduced with the reduction of elastic modulus of E11. Reduction ratio is the ratio of the fibre direction moduli of the nonwrinkled to wrinkled plies. Stress distribution for the conventional model [12] , in which there is no initial step simulating ply conformation to tool, is represented in Figure 15 .
Both numerically determined and measured values of spring-in at parts produced by the conventional lay-up method are higher than the alternative lay-up method, as shown in Fibre wrinkling increases cure shrinkage and coefficient of thermal expansion in the in-plane direction. This has an effect of reducing the spring in, because spring in depends on the ratio of through-thickness to in-plane shrinkage, shown in the equation below [28] .
where, ∆∅ is the spring-in angle, ∅ is the initial angle of the part, ∅ is the circumferential coefficient of thermal expansion, is the radial coefficient of thermal expansion, ∅ is the in-plane chemical shrinkage strain, is the through-the-thickness chemical strain, ∆ is the temperature change.
Effect of fibre wrinkling on cure shrinkage and coefficient of thermal expansion in the inplane directions is not taken into account in our model, since effect of wrinkling in the current model is assumed to be only on the fibre direction modulus. The approach here in this paper is a heuristic approach to explain the effect of fibre wrinkling on spring-in using some simple assumptions and a simple model. In a more accurate model, effect of wrinkling on transverse modulus, in plane shrinkage and thermal contraction should also be taken into account.
Fibre wrinkling at the corner is beneficial in reducing the spring in, however, the trade off in mechanical properties should also be considered in order to use this lay-up method in manufacturing. Also, fibre wrinkling phenomenon is inevitable in complex-shape applications such as parts that have tighter radii so that the manufacturer should take into account the effect of fibre wrinkling on the distortion.
Conclusions
The effect of fibre waviness due to initial fibre wrinkling on spring-in was examined. Two different lay-up methods were used to manufacture L-shaped composite parts. Due to in-plane fibre waviness, buckled fibres were observed in micrographs having an elliptical shape at the corner regions of the L-shaped parts manufactured by both conventional and alternative layup methods but parts manufactured using the alternative lay-up method includes more buckled fibres distributed through the thickness. Increasing the amount of fibre wrinkling results in lower spring-in values. Reduction in fibre direction elastic modulus E11 due to fibre buckling resulted in a decrease in spring-in values. Step-2 (Rubbery) 180 o C 180 o C 0.7 MPa
Step-3 (Glassy) 20 o C 20 o C -
